Study of Orbital Angular Momentum Mode Crosstalk Induced by Propagation Through Water by Viola, Shaun et al.
Study of Orbital Angular Momentum Mode Crosstalk
Induced by Propagation Through Water
Shaun Violaa, Manousos Valyrakisa, Anthony E. Kellya, and Martin P.J. Laverya
aSchool of Engineering, University of Glasgow, Glasgow, G12 8LT, UK
ABSTRACT
The implementation of spatial multiplexing has become an area of great interest for free-space communication
links, particularly for its use in last-mile links within larger optical networks. Light carrying orbital angular
momentum (OAM) has emerged as a potential candidate that could be utilised for multiplexing independent
channels. We will present measured inter-channel crosstalk for a set of 11-OAM modes propagating through 3 m
of slowly flowing water, similar to that found in oceanic flow conditions.
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1. INTRODUCTION
The drive for high-bandwidth, secure communications links has lead to space-division-multiplexing (SDM) be-
coming a burgeoning area of study. SDM techniques implemented in systems employing both optical and radio-
frequency carriers have recently seen interest from the community for use within point-to-point communication
links, particularly in long distance fibre links.1,2 Orbital angular momentum (OAM) multiplexing has emerged
as a particular form of SDM that could be a potential candidate utilization for the multiplexing independent
spatial channels in free-space optical,3–5 optical fibre6,7 and radio frequency8 systems. Such spatial modes with
transverse a amplitude profile of A(x, y) exp(i`φ), and carry angular momentum of `~ per photon.9 The integer
` is unbounded giving a potentially unbounded number of independent multiplexed channels.3,10
In recent years the utilisation of visible light communications (VLC) has become an emerging technology with
the potential to replace the currently widely implemented ultrasound underwater communication technology.11,12
Such VLC schemes could potentially be enhanced through the addition of OAM multiplexing.13,14 To assess the
feasibility of such OAM multiplexing in an underwater communications channel it is important to analyse the
degree of observed channel degradation induced by flowing water in real Oceanic conditions.
In this paper we present a study of measured inter-channel crosstalk for a set of OAM modes propagating
through 3m of slowly flowing water, similar to that found in Oceanic conditions.
2. TURBULENCE EFFECTS ON BEAMS CARRYING OAM
Free-space communications links encounter issues with atmospheric turbulence. This turbulence has been studied
at great length by the astronomy community to correct the resulting aberrations introduced to an image.15 The
natural randomly time dependent variations in temperature and pressure change the density of the atmosphere.
This change in density results in a spatial dependent change of the refractive index; leading to phase distortions
across a propagating optical beam.16 In specific cases, this turbulence can be simulated by a single phase screen
and is commonly referred to as thin phase turbulence.17
The drive for the use of OAM as a method for multiplexing has spurred investigations into the affect such
atmospheric turbulence on propagating beams carrying OAM. One can model atmospheric turbulence by con-
sidering as normal random variables, where the ensemble average can be written as
〈
[φ(r1)− φ(r2)]2
〉
and is
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Figure 1. (a) A coherent laser source (Src) with a wavelength of 535 nm is coupled into a single mode fiber, and the output
of the fiber collimated by a 25 mm lens. The collimated laser light is directed onto the surface of a spatial light modulator
(SLM), which has an `-forked digital hologram encoded on it’s optical surface to modulate the phase to the desired OAM
mode. As the digital hologram is a diffraction grating, the first-order diffracted beam is spatially filtered at the focal plane
of L1. A second lens, L2, of the same focal length is used to collimate the beam before propagation over the submersed
link. To prevent modal degradation resulting from surface boundary effects, a Gorilla-glass optical window (OW) is used
within a submersed 3D-printed water-proof enclosure, shown in (b). A field lens, L4, for focal length 500 mm is used
to mitigate divergence accumulated over the submersed link. A flip mirror (FM) is utilised to allow for images of the
received mode to be collected by C1. A combination of a mode analyser (MA) and a lens, L5, are used to transform the
received OAM modes in discreet positions on a fast camera, C2.
known as the phase structure function.18 Where φ(r1) and φ(r2) are two randomly generated phase fluctuations.
From Kolmogorov statistics it can be shown that this ensemble average must meet the requirement that
〈
[φ(r1)− φ(r2)]2
〉
= 6.88
∣∣∣∣r1 − r2r0
∣∣∣∣5/3 . (1)
The value r0 is the Fried parameter, and is a measure of the traverse distance scale over which the refractive
index is correlated.? To characterise the effect of turbulence on the optical system, a ratio D/r0 is considered,
where D is the aperture of the system. This ratio sets two limiting cases, first when D/r0 < 1 the resolution of
the system is limited by it’s aperture, and second case of D/r0 > 1, the atmosphere limits the systems ability to
resolve an object.17
By considering the Fried parameter the spread in the OAM spectrum can be predicted by resulting from thin
phase turbulence.19 Considering a single OAM mods, ψ`, transmitted through an ensemble average of many
turbulent phase screens, the power, s∆, in the a particular mode, ψ`+∆, is given by
s∆ =
1
pi
∫ 1
0
ρdρ
∫ 2pi
0
dθ e
−3.44
[(
D
r0
)
(ρ sin θ2 )
]5/3
cos ∆θ, (2)
where ∆ is a integer step in mode index of ` = 1, and ρ = 2r/D.18 Subsequently experimental confirmation of
this theory has been achieved.20 The development of mitigation of the effects on beams carrying OAM resulting
from atmospheric turbulence has become an area of study.21,22
3. EXPERIMENTAL DESIGN AND SYSTEM CHARATERISATION
Our system comprises transmitter and receiver apertures placed 3 m apart, within a larger (approximately 15 m
long, and 0.3 m wide) water tank, Fig. 1. This tank has an adjustable flow regulator allowing control over the
flow rate of the water with in the tank. We wish to study the modal degradation that occurs from transmission
of an optical beam carrying OAM through flowing water similar in speed to that of the golf stream, with an
average flow rate of 1.3 ms−1.
To prepare the required optical modes a spatially filtered 532 nm laser source illuminates the surface of a
spatial light modulator. An `-forked hologram is displayed on the optical surface of the SLM, generating the
required OAM mode.23 The optical mode is relayed using a periscopic mirror arrangement into a 3D-Printed
water-proof enclosure, Fig. 1 (b). Transmission through an air-to-water boundary results in considerable optical
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Figure 2. (a-c) Tip-tilt aberration are a leading form of modal degradation experienced by free-space optical systems,
submersed links are similarly affected by this form of turbulence. C1 records the intensity profile of the received optical
beam at intervals of 16µs, allowing for the degree of tip-tilt aberration to be determined. A centroid measurement was
calculated from each recorded frame, and plotted as a scatter plot. Images of the received optical modes for optical modes
(d) ` = 2 and (h) ` = 5. (e-g) For each flow rate, the modal crosstalk can be determined by the intensity profile on
camera, C2. The measured intensity is averaged over 1200 frames for each speed respectively.
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Figure 3. (a-c) A crosstalk matrix can be generated to visualise the expected crosstalk for each of the 11 OAM channels
for flow rates 1.08 ms−1, 1.32 ms−1 and 2.02 ms−1 respectively. The measured crosstalk is the averaged modal crosstalk
over a 10 s measurement window. Hence, crosstalk arising from tip-tilt aberrations and static system aberrations both
contribute to the crosstalk measured.
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Figure 4. System stability is an important consideration. To investigate the stability of the submersed link we consider
the channel crosstalk measured at each individual frame. Each frame has 16µs exposure time. It can be seen that the
free-space link (a) has greater frame-by-frame variation in modal crosstalk as compared to a link that has water flowing
at 2.02 ms−1 (b). We further consider an OAM mode with ` = 5, showing the stability is broadly similar for the higher
order modes.
aberrations due to turbidity on the water surface, hence our optical modes are passed through a submersed
optical window reducing the effects from the fluctuating water surface.
Within any point-to-point to communications link, tip-tilt aberration is one of the largest concerns. Within
oceanic conditions, the flow of the water potentially places added stress on the optical system and could perturb
the optical beam resulting in tip-tilt aberrations. We first characterize the degree of tip-tilt aberration within
the link by tracking the Centre of Mass (CofM), at 16µs intervals, of collected beam over a measurement time of
10-seconds for flow rates of 1.08 ms−1, 1.38 ms−1 and 2.02 ms−1 respectively, Fig. 2 (a-c). The variation in CofM
indicates a misalignment between the beam axis, the centre of the propagating mode, and the measurement axis
of the system, where such misalignment will result in channel crosstalk.25
The OAM spectrum after propagation over the submersed link was measured with the use of an OAM mode
sorter. The mode sorter uses two refractive optical elements that transform OAM states into transverse momen-
tum state.?, 24 These optical elements transform both the phase and intensity of the beam in the form exp(i`θ),
to give a complex amplitude at the output plane of the form exp(i`x/a), where a is a scaling parameter. A lens
then can separate these resulting transverse momentum states into specific lateral positions. A camera is placed
at the focal plane of this lens, where eleven, adjacent, equally sized regions were selected, each corresponding to
a specific mode index. The total power over all the pixel in each region was summed to give the power in that
mode, allowing for the efficient measurement of the constituent OAM states simultaneously.25
A mode range of ` = −5 to ` = +5 was chosen, and the power measured in each detection regions was
averaged over a 10 second measurement window. Independent of turbulence, our mode sorter has an residual
degree crosstalk between channels due to the diffraction limit, and issues arising from skew angle of the rays.?, 26
The channel crosstalk for each of the 11-modes was measured for the three test flow rates to determine the
experimental crosstalk, Fig. 3 (a-c). It can be seen that the measured crosstalk within the optical system does
not vary drastically when measured at the different flow rates investigated. This lack of variation indicated that
it is inherent system aberrations and in-stabilities in the optical setup that are leading to the observed channel
crosstalk.
4. SYSTEM STABILITY AND TRANSMISSION POWER LOSS
To determine the contribution of mechanical stability on the measured average crosstalk measured in the optical
system, we investigate the crosstalk that occurs during every frame measured at camera C2. The fluctuation in
modal crosstalk with respect to time can give an indication of the relative mechanical movement between the
transmitter and the receiver. We consider this for free-space, where no water is flowing through the channel
and for the case of water flowing at 2.02 ms−1, Fig. 4 (a) and (b) respectively. It can be seen that there is less
fluctuations in the case where water is flowing in the channel. We believe the weight of the water flowing in the
channel, mechanically stabilises the system reducing the degree of modal crosstalk observed. This indicates that
under the water conditions similar in form to those found in coastal waters, the key task is the mitigation of
tip-tilt aberrations arising from relative mechanical movement between the transmitter and receiver.
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Figure 5. Optical scattering from particulates are a concern with a submersed optical link. These particles move with
the fluid flow and can result in a variance in measured crosstalk and power loss. The normalised power is considered
frame-by-frame for flow speeds 1.08 ms−1, 1.32 ms−1 and 2.02 ms−1.
A further concern in the implementation of a point-to-point communications link is the loss of optical power
as the light propagates over the submersed channel. We can consider the relative power fluctuation over our 10 s
measurement window. This fluctuation can give an indication of the affect of natural buoyant particulates in the
water channel. Small suspended particles scatter the light reducing the overall power in the system, along with a
frame-by-frame variance resulting from their movement with water flows. The scintillation index is a calculated
value that allows the evaluation of the temporal power fluctuation. We consider the power loss and scintillation
index for each of the tested flow rates, shown in Fig. 5 (a-c) respectively.
5. CONCLUSIONS
In conclusion we have experimentally measured the crosstalk between OAM modes propagating through low
discharge turbulent flows. Our initial results indicate that tip-tilt aberration is a considerable contributing factor
to the expected inter-channel crosstalk. In coastal conditions, we expect there to be little modal degradation
arising from phase aberrations. However, we expect mechanical stability of the optical system to be a central
source of modal crosstalk.
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